ABSTRACT We propose a filter bank multi-carriers (FBMC) passive optical network (PON) system based on 2-D multiple probabilistic shaping (MPS) distribution to achieve flexible and adjustable access bit-rates. The proposed PON can assign different probabilistic shaping schemes to different time-slots and subcarriers, thus improving the system flexibility and adjustability in both the time and frequency domains. Carrier-less amplitude and phase modulation are adopted to achieve the implementation of the intensity-modulation and direct-modulation applied in our proposed PON system. Moreover, for the first time, an experiment demonstrating MPS FBMC signal transmission over a 25-km standard single mode fiber in PON system is successfully carried out to verify the favorable performance. The bit error rate performance of different MPS time-slots at bit-rates of 23.665, 20.663, 17.666, and 15.481 Gbit/s are investigated. The received optical powers at the threshold for hard-decision forward error correction are −16.13, −16.94, −17.85, and −18.81 dBm, respectively. These experiment results indicate that our proposed MPS FBMC PON system can be flexible and adjustable in acquiring different and dynamic access bit-rates, which suggests a prospective solution for the next generation passive optical network.
I. INTRODUCTION
To accommodate the ever-increasing requirement for larger capacity and higher data rate, the underlying networks need to enhance the system performance. In recent years, passive optical network (PON) emerges as a promising candidate for the future optical access networks owing to its large capacity and variable access rate as well as flexible scalability [1] - [8] . Zhou et al. [2] proposed a high-bandwidth-efficiency and low-processing-latency mobile front-haul architecture based on physical layer functional split and time division multiplexing (TDM) PON with a unified mobile scheduler. Nowadays, the bit-rates of PONs have been promoted from 2.5 Gbit/s to 40 Gbit/s, and 100/400 Gbit/s PON evolution has reached a consensus [3] - [5] . The future PONs require better flexibility and lower complexity. Carrier-less amplitude and phase (CAP) modulation is an advanced modulation format based on intensity-modulation and direct-detection (IM/DD) system to meet the requirements for higher spectral efficiency, lower cost and higher data rate [9] , [10] . Moreover, CAP can also use finite impulse response (FIR) filters to generate quadrature signals without use of any mixers, which significantly reduces system complexity [11] - [13] .
Various multi-carrier modulation technologies have been applied to improve the system performance in PONs. As a new multi-carrier modulation technology, filter bank multicarriers (FBMC) has been regarded as a powerful solution to provide the granularity and flexibility for PON system, where the shaping filters are implemented to each subcarrier to construct a complex modulated filter bank [14] , [15] . Generally, the ability against time-frequency misalignment in the FBMC system is critically affected by the properties of shaping filter. In recent years, Sun-Young et al. [14] verified that multiple access interference can be reduced by employing adaptively modulated FBMC in optical uplink transmission. Saljoghei et al. [15] experimentally compared the performance of FBMC and OFDM in multiple access uplink PON, which demonstrates the superiority of FBMC in transmission without the redundancy of cyclic prefix.
Besides, probabilistic shaping (PS) is an effective technology to improve the data transmission rate and channel capacity, which transmits lower-energy signal points near the origin in a larger probability than the transmission of higher-energy signal points far from the origin to reduce the average transmitting power. In general, the input signal points are usually uniform-distributed such as uniform 16-ary quadrature amplitude modulation (16QAM). In 2016, Idler et al. [16] in Nokia Bell Labs demonstrated 1 Tbit/s data transmission over 4-carrier super-channel in the backbone network of Germany using PS constellations. In the same year, a transmission system based on PS64QAM formats was proposed to implement adjustable data rate for single carrier coherent optical transmission [17] . Unprecedented flexibility and gain in sensitivity are also highlighted when employing PS technology [18] . What's more, Qu et al. [19] proposed a universal hybrid probabilistic-geometric shaping method based on two-dimensional distribution matchers to acquire flexible bit rates, which is superior to the PS-32QAM and normal 32QAM. Therefore, as multiple smart devices currently connected to the same optical network unit (ONU) require flexible resource scheduling, two-dimensional distribution probabilistic shaping technology can solve this problem and achieve better system performance.
In this paper, to our best knowledge, we firstly put forward a multiple probabilistic shaping (MPS) FBMC PON system based on two-dimensional multiplexing, in which probabilistic shaping is applied to the different time-slots and subcarriers. The proposed system can achieve dynamic resource scheduling and flexible data rate, as well as reducing the average signal power. A MPS-CAP-16 data transmission over 25 km standard single mode fiber (SSMF) employing our proposed scheme was successfully demonstrated. In addition, the flexible bit-rates can be achieved by adopting different MPS distributions. The results indicate that our proposed MPS FBMC PON system can be a promising solution for the wide application of future access network. Figure 1 shows the schematic of the proposed MPS FBMC PON system. At the transmitter, the MPS FBMC technology is utilized to handle the binary data. Here, k is the number of subcarriers. After serial to parallel (S/P) conversion, paralleled data are input into MPS dynamic distribution block. The constellations of MPS signals at different bit-rates are shown in Fig. 1(b) -(e), respectively. In the constellation, different size of signal point in Fig. 1(b) -(e) represents different probability distribution.
II. PRINCIPLE OF MPS DISTRIBUTION AND FBMC SYSTEM
The principles of multiple probabilistic distribution in the two-dimensional space of time and frequency are illustrated in Fig. 2 . In the PS scheme, the symbols are non-uniformly distributed in the constellation, namely Maxwell-Boltzmann distribution [20] , [21] . Here, the set of constellation symbols is denoted as X = {x 1 , x 2 , . . . , x m }, and the probability mass function of signal point x i ∈ X is shown as:
where ν is probabilistic distribution parameter to regulate the distribution. Different ν represents different probability corresponding to different bit-rates. The entropy of signals is:
where the unit of information entropy is bits/symbol. In the case of the same bandwidth, the bit rate expression calculated from the information entropy is:
The scalar B buad represents the Baud rate. With different probabilistic distribution parameter, the corresponding information entropies are shown in the TABLE 1. We can find that the bit-rates corresponds to information entropy one by one, and they decrease as the probabilistic distribution parameter increases. In other words, when probability values changes with different probabilistic distribution parameter, the information entropy and the bit-rates of our proposed system will change accordingly. Hence, the flexible bit-rates can be achieved when adopting MPS distribution. Figure 2 (a) shows the conventional uniform distribution of time-frequency slots. In order to achieve flexible access bitrates, we employ the multiple PS distribution in the FBMC PON. Specifically, in time domain, we divide each subcarrier into M time-slots and allocate different probability values to each time-slot in Fig. 2(b) . In addition, K is the number of subcarriers and M is the number of time-slots in the Fig. 3 . Thereby, in the different K subcarriers, we can obtain the ν ij of the ith time-slots and kth subcarriers in Fig. 2(c) .
The minimum distance between the constellation points in Fig. 1 is d min with size of 2A. The average power of a uniformly distributed 16QAM is:
When the probabilistic distribution parameter is 0.1, the probability values of each constellation point can be seen in the TABLE 2. The average power of PS signals is:
From (4) and (5), the average power of probabilistically shaped signals is 3.04A 2 less than that of the uniformly distributed signals. Therefore, it can be deduced that when the average power is constant, the minimum Euclidean distance of the probabilistic shaped signals is larger than that of the uniformly distributed 16QAM signals, which can achieve a better noise resistance. Figure 3 describes the MPS distribution module at transmitter in detail. In the MPS-1, data are allocated to m timeslots as shown in the Fig. 3(a) and m refers the number of time-slots. For the sake of simplicity, we divide the time slots equally. Certainly, the length of the time slots can be changed according to the needs of different users, and the probability of each time slot can be altered by changing probabilistic distribution parameter. The specific implementation scheme of time-slot PS-1 is illustrated in the Fig. 3(b) . We can adjust the probability parameter ν of different timeslots on different subcarriers to implement the different PS. Then the resulting probabilities of each constellation point P X are mapped to the distribution matcher (DM). The DM transforms information bits into non-uniform symbol according to P X [22] . We can obtain binary labels to represent the unevenly distributed symbols. The output binary bits are modulated by constellation mapping, and the modulated constellation is shown in Fig. 3(c) . The non-uniform probability distributions of output binary bits in the time-slots PS-1 module in two-dimension and three-dimension are illustrated in the Fig. 3(c) .
At the end of MPS distribution module, the modulated data are sent to the FBMC module after different varieties of probabilistic shaping distributions. By properly designing the prototype filter, the inter-carrier interference can be decreased with filter banks. Here, we use the square root raised cosine (SRRC) filter [15] with a roll-off factor of 0.2 as FBMC prototype filter. The SRRC filter is currently the simplest and most commonly used prototype filter. Each output data stream of FBMC will be individually modulated with the CAP, which can be seen in the Fig. 1(a) . After offline DSP modulation, we can obtain the MPS-CAP-16 signals suitable for IM/DD transmission system. Figure 4 (a) illustrates the experiment setup of the proposed FBMC PON system over 25 km SMF, where multiple probabilistic shaping distribution is adopted. At the transmitter, offline DSP modulation shown in the Fig. 4(b) is employed to generate flexible MPS-CAP-16 signals, where CAP and FBMC are used. The CAP architecture is detailed in the Fig. 4(b) , where quadruple up-sampling is carried out. Here, the root raised cosine filters are employed in the CAP technology. To be specific, firstly the pseudo random binary sequence with length of 2 15 -1 goes through the S/P conversion. Then the generated 4-parallelled bit data undergoes the proposed multiple probabilistic shaping distribution coding and mapping module to form corresponding symbol signals, which is subsequently used for up-sampling. Afterwards, the real and imaginary part of the signals are separated for corresponding shaping filtering and then combined them together for wave forming by arbitrary waveform generator (AWG). An AWG (Tektronix AWG70002A) with sample rate of 25 Gs/s is used to drive the Mach-Zehnder modulator (MZM). A continuous-wave (CW) light-wave at 1550 nm with 10 dBm output power generated by an external cavity laser (ECL) offers the optical input of the MZM after the function of a polarization controller (PC). The generated optical signals from MZM are magnified by an erbium-doped fiber amplifier (EDFA), and then can be launched into 25 km SMF for transmission. The attenuation and dispersion of the SMF is 0.2 dB/km and 16 ps/(nm × km), respectively.
III. EXPERIMENT AND RESULTS
At the receiver, a variable optical attenuator (VOA) is utilized to change the received optical power for bit error ratio (BER) measurement. The received optical signals are detected by a 40 GHz photo-diode (PD). A mixed signal oscilloscope (MSO, Tektronix MSO73304DX) with sample rate of 100 GS/s is used to sample the detected signals for further offline DSP demodulation. After down-sampling, the signals are sent for matched filters and down-sampling to reconstruct the symbols for FBMC demodulation and MPS matched distribution. In short, the received signals are demodulated by offline DSP demodulation to recover the information bits shown in the Fig. 4(c) .
In order to simplify the experimental system, two timeslots and two subcarriers are used to elucidate and verify the feasibility and flexibility of the proposed MPS scheme. In the first experiment, two time-slots are allocated onto the same subcarrier. Figure 5 shows the measured BER performance of MPS-CAP-16 time-slots signals at different bit rates after 25 km fiber transmission and back-to-back transmission. The available bit rates of two time-slots are 23.665 Gbit/s and 17.666 Gbit/s, respectively. The power penalty of different time-slots is 0.28 dB and 0.35 dB when compared with back-to-back transmission. Additionally, the BER performance can be improved with the decreasing of bit-rates in fiber transmission. From the Fig. 5 , we can find that the curves of BER versus received optical power is very smooth and the interference between different time slots is insignificant.
According to the mechanism of two-dimensional MPS distribution, the BER performance of subcarriers at different bit rates is also carefully studied, which can be seen in Fig. 6 . Here, the same amounts of time-slot are allocated onto two subcarriers with different central frequency. The bit-rates of different subcarriers are 20.663 Gbit/s and 15.481 Gbit/s, respectively. And we find that the power penalty of subcarriers at different bit-rates is 0.28 dB and 0.41 dB when compared with back-to-back transmission. Therefore, the system performance of MPS in time-slots or subcarriers are similar. Additionally, the BER performance is improved when the bit-rate decreases. Therefore, the bit-rates of system can be flexible implemented. And the proposed system can greatly save power when the required bit-rate of the ONU is low. Figure 8 shows the demodulated constellations of the MPS-CAP-16 different time-slots signals in the Fig. 7 . It can be seen from Fig. 8 that the constellation distribution of MPS-CAP-16 signals is varying when bit-rate is changed. Therefore, our proposed FBMC system based on MPS-CAP-16 can be applied in the future PONs to achieve the flexibility of different bit-rates.
IV. CONCLUSION
We have put forward a FBMC PON based on twodimensional multiple probabilistic shaping distribution, which can achieve flexible access bit-rates. 
